Abstract The environmental, genetic, and/or age-related changes in proteostasis induce inflammation, oxidative stress, and apoptosis. We quantified the correlation of protein expression of critical proteostasis mediators to severity of chronic lung disease using lung tissue samples from control and chronic obstructive pulmonary disease (COPD) subjects (GOLD stage 0-IV) and cigarette smoke (CS)-induced murine model. The human bronchial epithelial cells, HEK-293, and Beas2B cells were used for in vitro experiments to verify the mechanisms. Our data verifies the correlation of higher expression of valosin-containing protein (VCP) retrograde translocation complex (VCP-Rma1-gp78) with severity of emphysema in COPD lung tissues and over-expression of inflammatory, ER stress and apoptotic mediators like NFκB, GADD-153/CHOP, and p-eIF2α. Moreover, subjects with severe emphysema had a higher accumulation of ubiquitinated proteins and deubiquitinating enzyme, UCHL-1, indicating towards the aggregation of misfolded or damaged proteins. The modulation of both protein degradation and synthesis rates by CS-extract substantiates the pathogenetic role of proteostasis-imbalance in emphysema and COPD. We identified that VCP also mediates proteasomal degradation of HDAC2 and Nrf2, as a potential mechanism for increased oxidative stress and corticosteroid resistance in COPD subjects with emphysema. Next, we confirmed that higher VCP expression associates with increased inflammation and apoptosis using in vitro and murine models. Our data clearly shows aberrant proteostasis in COPD subjects with severe emphysema. In addition, we evaluate therapeutic efficacy of salubrinal (ER stress inhibitor) to correct the proteostasisimbalance based on its ability to control VCP expression and ubiquitin accumulation. Overall, our data demonstrate for the first time the critical role of proteostasis-imbalance in pathogenesis of severe emphysema.
Introduction
Among environmental air pollutants, cigarette smoke (CS) and respiratory infection (bacteria and virus) are the primary risk factors for the pathogenesis of chronic obstructive pulmonary disease (COPD) [1] . CS consists of complex mixture of oxidants or free radicals and different chemical compounds that include reactive aldehydes and semiquinones known to cause oxidative stress in the lungs [2] [3] [4] . The pathology of COPD involves persistent inflammation, oxidative stress, impaired lung cell repair, and programmed cell death (apoptosis) leading to emphysematous lung disease [5] [6] [7] . Moreover, it is not clear why only few smokers develop COPD or why some non-smokers have COPD. The specific genes and underlying mechanisms of COPD and emphysema pathogenesis remain elusive.
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The online version of this article (doi:10.1007/s00109-011-0732-8) contains supplementary material, which is available to authorized users. cellular functions comprising nuclear envelope reconstruction, cell cycle, post-mitotic Golgi reassembly, suppression of apoptosis, DNA damage response, and endoplasmic reticulum-associated degradation (ERAD) [8] [9] [10] [11] [12] [13] . The over-expression of VCP is implicated in chronic inflammatory diseases like cystic fibrosis, lung cancer, neurological and other age-related disorders [13, 14] . Most of the unwanted proteins in the eukaryotic cell secretory pathway that enter the ER are specifically extracted from the ER and targeted to the cytosol, where they are degraded by ERAD [13] . VCP plays a key role in both protein extraction from the ER and ubiquitin-proteasome mediated protein degradation by ERAD. The ubiquitin-mediated protein modification during ERAD is regulated by a set of three enzymes: an ubiquitin-activating enzyme (E1), an ubiquitinconjugating enzyme (E2), and an ubiquitin ligase (E3) [15] . Efficient multiubiquitination needed for proteasomal targeting of a model substrate requires an additional conjugation factor, named E4 [16] . VCP is known to associate with E3/E4 ubiquitin ligases like Dorfin [17] , gp78/AMFR (autocrine motility factor receptor) [18, 19] and RING finger protein with membrane anchor (Rma1) [20, 21] to promote ERAD. In particular, VCP-gp78-Rma1 interaction is known to enhance both ubiquitination and VCP-polyubiquitin binding during ERAD. This interaction may participate in VCP-mediated inflammatory signaling.
VCP is known to mediate the proteasomal degradation of IκB, an endogenous inhibitor of nuclear factor kappalight-chain-enhancer of activated B cells (NFκB) [19, 22] . Moreover, VCP expression is known to be induced in response to infection, stress or injury as an endogenous homeostatic mechanism to control chronic inflammation [13] . In addition to NFκB-mediated inflammation, VCP activity and expression may be triggered by oxidative stress induced by CS. We hypothesized that CS-induced oxidative stress and inflammation may modulate VCP and/or proteasomal activity and hence it may be critical for the pathogenesis of severe emphysema in COPD subjects. Moreover, expression of nuclear factor erythroid 2-related factor 2 (Nrf2; oxidative stress response) and histone deacetylase-2 (HDAC2; glucocorticoid resistance) is declined in COPD [23] [24] [25] . We tested if VCP regulates these responses by mediating the proteasomal degradation of Nrf2 and HDAC2.
We not only verify here the correlation of VCP, gp78 and Rma1 expression to the pathogenesis of severe emphysema but also provide corroborating evidence that VCP regulates the primary components of COPD pathophysiology, NFκB, Nrf2-(p), and HDAC2. We also show that changes in VCP activity correlates with the levels of CS-induced ubiquitin accumulation and apoptosis. To summarize, we demonstrate the critical role of proteostasis-imbalance in pathogenesis of COPD and severe emphysema. In addition, we evaluate the efficacy of salubrinal (ER stress inhibitor) as a proteostatic modulator to inhibit ubiquitin accumulation and propose its potential therapeutic application in correcting proteostasis-imbalance associated with severe emphysema.
Materials and methods
Human subjects and murine experiments Frozen lung tissue samples and longitudinal sections were obtained from the NHLBI Lung Tissue Research Consortium (LTRC, NIH). Clinical information, sample size, and classification based on Global initiative for chronic obstructive lung disease (GOLD 0-IV) stages [26] is summarized in Table 1 . All the control and COPD subjects were stable, and Gold I-IV COPD subjects had emphysema. Moreover, one patient in each group (Gold I-IV) had first-degree blood relatives with chronic bronchitis. The study protocol was approved by the Institutional Review Board as exempt 4, and subject's lung function data and other clinical parameters were obtained from each of the LTRC contributing centers without disclosing the subject's name. The lung samples were analyzed by immunostaining (described below) or immunoblotting (see "Supplementary methods" in the electronic supplementary materials), and statistical correlation of the data was calculated as described below. The results of the human data were verified using cigarette smoke (CS) and Pseudomonas aeruginosa-LPS (Pa-LPS)-induced murine models. All animal experiments were carried out in accordance with the Johns Hopkins University Animal Care and Use Committee approved protocols. We used age-, weight-, and sex-matched (8-10 weeks old) C57BL/6 (NCI Animal Production Program), n=3 in all experiments. All the mice were housed in controlled environment and pathogen-free conditions. Mice were exposed to acute or sub-chronic CS using the TE-2 cigarette smoking machine (Teague Enterprises, Davis, CA) or treated with intratracheal Pa-LPS (see "Supplementary methods" in the electronic supplementary materials). In a separate experiment, the air-and acute CS-exposed mice were treated intra-tracheally with 1 mg/kg salubrinal (electronic supplementary materials).
Immunofluorescence microscopy The longitudinal tissue sections from human or mouse lungs were immunostained with the primary antibodies (1-2 μg/ml) for VCP (rabbit polyclonal, Santa Cruz Biotechnology (scbt), NFκB (rabbit polyclonal, scbt), gp78 (rabbit polyclonal, scbt), Nrf2 (rabbit polyclonal, scbt), p-Nrf2 (rabbit monoclonal, Abcam), NOS2 (rabbit polyclonal, scbt), p-eIF2α (rabbit polyclonal, scbt), GADD-153 (rabbit polyclonal, scbt), HDAC2 (rabbit polyclonal, scbt), ubiquitin (mouse monoclonal, scbt), and ubiquitin C-terminal hydrolase-L1 (UCH-L1; rabbit polyclonal, scbt), Rma1 (mouse monoclonal, Affinity Bioreagents), carboxyl terminus of Hsp70-interacting protein (CHIP), and KDEL (rabbit polyclonal, Affinity Bioreagents) followed by 1 μg/ml of the secondary antibodies using a previously described protocol [27, 28] . The secondary antibodies used were goat anti-rabbit IgG FITC (scbt), goat anti-mouse IgG/IgM (H+L) Alexa Fluor 488 (Invitrogen), and donkey anti-mouse Dylight 594 (Jackson Immunoresearch). We evaluated the specificity of primary antibodies by first titrating their concentrations. Next, we selected the negative and positive controls from induced (LPS/CS) and non-induced human and/or murine longitudinal lung sections, primary cells or cell lines based on the known literature on the expression of selected protein. The specificity of secondary antibodies was determined by omitting the primary antibodies during immunostaining. In addition to the immunostaining, we also tested these antibodies (like VCP, Ub, p-Nrf2, GADD-153, and HDAC2) by western blotting to make sure they detect the single specific band for these proteins to ascertain the specificity of the antibodies before experimental evaluation as described above. Statistical analysis Data is represented as the mean±SD of at least three experiments. The Student's t test and ANOVA were used to determine the statistical significance. The murine and human microscopy data were analyzed by densitometry (Matlab R2009b, Mathworks Co.). Percentage fluorescent intensity was obtained by calculating the percent number of pixels over the threshold background intensity using Matlab to quantify the changes in protein expression levels. For this analysis, sections with equal cell density were selected from each sample. For TUNEL and p-Nrf2 staining, the numbers of apoptotic cells and p-Nrf2+ nuclei were counted for statistical analysis. Spearman's correlation coefficient was used to calculate the significance among the indicated groups.
Results
Increased NFκB activation and ER stress in severe emphysema The histological analysis of lung sections from COPD subjects stained with H&E shows a prominent increase in inflammation in the lungs of patients with severe (FEV1% predicted <50%, Gold Stage IV) emphysema compared with the mild emphysema and control subjects (FEV1% predicted ∼100%) [26] (Fig. 1a) . We next confirmed that NFκB activation is associated with the severity of emphysema (Fig. 1b) . The data confirm the correlation of NFκB expression and nuclear localization (inset) with severity of COPD lung disease (ρ=−0.7683, p <0.001). We have recently shown that early age-related changes in proteostasis mediate the pathogenesis of sepsis and acute lung injury [14] . Impaired proteasomal function induces ER stress due to the accumulation of oxidized and/ or damaged (misfolded) proteins [29] . ER stress mediates the pathogenesis of several inflammatory disorders, including COPD by inducing cell death and inflammation [30] [24] but the role of ubiquitin-proteasome system (UPS) in COPD is not well studied. We first verified the increased ER stress in severe emphysema by evaluating the expression of transcription factor, C/EBP homologous protein (CHOP) also known as growth arrest and DNA damageinducible gene 153 (GADD-153), in lung sections from control and COPD subjects by immunostaining. We observed higher expression of GADD-153 in COPD subjects with severe emphysema as compared with mild or controls confirming the role of ER stress in emphysema ( Fig. 1c ; ρ=−0.6837, p<0.001). We also demonstrate upregulation of p-eIF2α in severe emphysema, further validating ER stress in COPD (Fig. 1d) . We postulate based on our recent studies [14, 24] that increased inflammation and apoptosis in emphysema may be a result of proteostasis-imbalance although ER stress may be induced by CS exposure.
Proteostasis-imbalance leads to accumulation of ubiquitinated proteins in severe emphysema The localization and levels of ubiquitinated proteins in lungs of COPD patients was determined to identify the changes in proteostasis. We detected the accumulation of ubiquitinated proteins with increasing severity of emphysema ( Fig. 2a ; ρ=−0.882, p< 0.001). To confirm the aggregation of poly-ubiquitinated proteins, we verified the expression of deubiquitinating enzyme and aggregation marker, UCH-L1 [31] and observed that its expression correlates with severity of emphysema ( Fig. 2b ; ρ=−0.9075, p<0.001) similar to the levels of ubiquitinated proteins. Moreover, patient samples with severe emphysema clearly showed the co-localization of ubiquitinated proteins and UCH-L1 (Fig. 2c , arrow) indicating towards their role in chronic inflammation and apoptosis as discussed above. We verified the increase in UCH-L1 expression in smokers with COPD as compared with non-smokers by immunoblotting (Fig. 2d) . In support of our data, recent studies have also shown the increased UCH-L1 mRNA expression in ciliated epithelial cells of heavy smokers [32] . Next, we confirmed the aggregation of ubiquitinated proteins by immunoblotting. We observed higher ubiquitin accumulation in the insoluble protein fraction (protein pellets) from COPD subjects with severe emphysema (Fig. 2e) . We anticipate that proteostasis-imbalance and cytosolic accumulation of poly-ubiquitinated protein aggregates triggers chronic inflammation and pathogenesis of severe emphysema in COPD.
CSE disturbs protein turnover Similar to the observations in the COPD lung tissues, previous studies have shown that CSE treatment of lung epithelial cells induces ER stress, inflammation and apoptosis [30] . We found that CS exposure or smoking induces VCP expression in murine model and human subjects (discussed below for Figs. 4a,d,f and 7), although the connection between smoke exposure and UPS is unclear. To verify the involvement of CS exposure in proteasome mediated protein turnover, HBE cells were treated with 100 μg/ml CSE for 12 h. Protein synthesis was blocked by treating the cells with 50 μg/ml Fig. 1 Elevated nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) activation and ER stress in severe emphysema. a The paraffin-embedded longitudinal human lung sections of control (GOLD 0) and chronic obstructive pulmonary disease (COPD) lung tissues at GOLD I-IV levels of emphysema (n=8-10 (a, b, c), 4(d) each group), stained with H&E, present significant increase in inflammation in severe (GOLD III/IV) emphysema lung tissues compared with GOLD 0. b These sections were immunostained with primary rabbit polyclonal NFκB/p65 and secondary anti-rabbit-FITC conjugated antibody, and show a significant increase in NFκB expression and nuclear localization at higher severities of emphysema. The higher NFκB levels and nuclear localization with increasing severity of emphysema confirms that progressive lung inflammation is a critical component of COPD pathophysiology. Densitometric analysis (b, right panel) confirms association of NFκB (p<0.001) with severe emphysema. Nuclear (Hoechst) staining of the same area is shown in the bottom panel. c, d
To verify the induction of ER stress markers in severe COPD lung tissues, the paraffin-embedded longitudinal sections were immunostained with primary rabbit polyclonal GADD-153, p-eIF2α, and secondary anti-rabbit-FITC and anti-rabbit-TR conjugated antibody, present significant increase in GADD-153 (CHOP) expression and nuclear localization in the tissue sections with severe emphysema. Since GADD-153 is a highly stress inducible gene that is induced in response to ER stress, our data verify the correlation of ER stress with COPD. This is further confirmed with significant increase in p-eIF2α expression with severe emphysema, a more specific ER stress marker correlated with the UPR pathway. Densitometric analysis (right panel) confirms association of increased GADD-153 and p-eIF2α (p<0.001) expression with progressive lung inflammation and severity of emphysema. Hoechst staining of the same area is shown in the bottom panel. Scale: white bar=50 μm and red bar=10 μm cycloheximide (CHX) for the indicated time points and the total cell lysate was immunoblotted for ubiquitin (Ub) and β-actin (Fig. 3a) . In response to CSE exposure (12 h), the immunoblot revealed a decrease in protein degradation rates by CSE treatment, leading to increase in accumulation of ubiquitinated proteins. CHX treatment leads to a slight decrease in levels of ubiquitinated proteins by 3 h. However, ubiquitinated protein levels are higher in the 160 μg/ml CSE dose indicating that CSE may modulate both protein synthesis and degradation. Since, CS induces VCP activity (discussed below for Figs. 4d and 7) while proteasome mediated protein degradation rates are decreased [24] , the accumulation of ubiquitinated proteins is expected that induces chronic inflammation and apoptosis (as discussed above). Next, we verified if CSE affects protein synthesis by chasing synthesis and accumulation of ubiquitinated protein after metabolic labeling. Data shows that CSE modulates protein synthesis (0.5 h) and degrada- The GAPDH shows the equal loading. e Immunoblot analysis of protein pellets of lung tissues from COPD smokers with mild, moderate and severe emphysema verify the higher accumulation of poly-ubiquitinated insoluble protein aggregates in severe emphysema (p<0.05). The data confirm the accumulation of poly-ubiquitinated proteins in insoluble protein fractions of COPD lungs as a potential mechanism for pathogenesis of severe emphysema tion rates (3-4 h) as seen by accumulation of ubiquitinated proteins (Fig. 3b) .
VCP, gp78/AMFR and Rma1 expression in human lungs correlates with severity of emphysema VCP is a major component of the retrograde translocation mechanism for proteasomal degradation of ubiquitinated and/or misfolded proteins [13] . We hypothesized that aberrant regulation of proteasomal activity or proteostasis-imbalance is associated with COPD pathogenesis. To determine, if VCP is involved in proteostasis-imbalance, the COPD patient samples with different severities of emphysema were immunostained for VCP (Fig. 4a) . We found that VCP over-expression correlates with the severity of emphysema and chronic lung disease indicating the critical role of VCP in COPD pathogenesis (ρ=−0.6938, p<0.001). We and others have reported that VCP physically interacts with gp78/AMFR (autocrine motility factor receptor) to couple ubiquitination, retrograde-translocation, and proteasomal degradation [13, 18, 33] . Therefore, the COPD patient samples were immunostained for gp78 to confirm the association of VCP-mediated ubiquitination machinery with COPD pathogenesis (Fig. 4b) . The gp78 expression was also elevated with increasing severity of emphysema, confirming the deregulation of VCP-mediated ubiquitination machinery in severe emphysema and its association with pathogenesis of chronic lung disease and emphysema (ρ=−0.7494, p< 0.001). Since gp78 cooperates with Rma1 (ring finger protein with membrane anchor 1 ubiquitin ligase) in mediating ERAD [20] , we immunostained the human COPD lung sections with Rma1. The expression of Rma1 increases with severity of COPD lung disease (Fig. 4c) indicating that the overall activity of VCP-gp78-Rma1 retrograde translocation complex is elevated in COPD and it may play a crucial role in pathogenesis of severe emphysema. In order to verify the specificity of this complex in pathogenesis of severe emphysema, we immunostained the COPD lung tissue samples with CHIP, a common E3 ubiquitin ligase [34] not associated with the VCP-gp78-Rma1 complex. Although the expression of S-cys/met for 30 min. After the 30 min pulse, the cells were washed with ×1 PBS and 1-ml selective media (MEM) was added followed by chase for the indicated time points. The lysates were immuno precipitated with mouse monoclonal Ub antibody and run on SDS-PAGE. The gel was dried and exposed to Kodak BioMax MR film. Data shows that CSE modulates protein synthesis (0.5 h) and degradation rates (3-4 h) as seen by accumulation of ubiquitinated proteins. The densitometric analysis of (a, b) shown in the bottom panels confirms modulation of protein turnover with CSE treatment Fig. 4 Elevated valosin-containing protein (VCP)-gp78-Rma1 expression in human lungs correlates with severity of emphysema. a The paraffin-embedded longitudinal human lung sections of control (GOLD 0) and COPD lung tissues at GOLD I-IV levels of emphysema (n=8-10, each group); were immunostained with primary rabbit polyclonal VCP and secondary anti-rabbit-FITC conjugated antibody. Data shows a significant increase in VCP expression in GOLD III/IV-emphysema lung tissues compared with the GOLD 0-control. Scale=50 μm (b, c) . The increase in expression and membrane localization of gp78 (E4) and Rma1 (E3) ubiquitin ligases in the human lung tissue section (n=8-10, b and n=4, c) at higher severities of emphysema is shown. Densitometric analysis (a-c right panels) confirms the association of VCP, gp78, and Rma1 (p<0.001) with progressive lung inflammation. Nuclear (Hoechst) staining of the same area is shown in the bottom panel. Scale: white bar=50 μm and red bar=10 μm. d The immunoblot analysis of total protein extracts of lung tissues from smokers with COPD and non-smoker control human subjects confirm up regulation of VCP in COPD as compared with the normal controls. The GAPDH was used as loading control. (e, f) The elevated interaction of gp78 with VCP is shown in the lung tissue total-protein lysates from severe emphysema (GOLD IV) subjects as compared with control (Gold 0). This is also confirmed by increased co-localization of VCP (red) and gp78 (green) with the severity of emphysema (scale=50 μm). The data clearly demonstrate the induction of VCP-gp78-Rma1 retrograde translocation complex and aberrant proteostasis in emphysema CHIP increases with severity of emphysema, the extent of increase is much lower than the increase in Rma1 or gp78 (Fig. 1 in the electronic supplementary materials) . Further confirmation of VCP's association with pathogenesis of COPD is shown by higher VCP protein expression levels in smokers who developed COPD as compared with nonsmokers (Fig. 4d) . GAPDH was used as a loading control. We also demonstrate that VCP and gp78 proteins directly interact (Fig. 4e) and co-localize (Fig. 4f) with increasing severity of COPD lung disease. We evaluated if this increased VCP activity is associated with ER membrane by co-staining with ER marker (KDEL) and observed both VCP and Rma1 co-localization with KDEL (Fig. 5a, b) , implying that ER associated VCP-retrograde translocation complex may mediate the proteostasis-imbalance observed in COPD by modulating the ERAD.
VCP controls expression of Nrf2 and HDAC2 proteins Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key transcription factor that regulates the cytoprotective transcriptional program in response to oxidative stress [24] . To elucidate that VCP not only controls NFκB levels but also controls Nrf2-mediated anti-oxidant defenses by mediating its proteasomal degradation [35] [36] [37] , we measured Nrf2 expression in conditions of VCP inhibition (VCPshRNA) as compared with the proteasome inhibition by a therapeutic inhibitor, PS-341 (Velcade). We observed an increase in Nrf2 protein levels by VCP-and proteasome-inhibition (Fig. 6a(left and right panels) ). We conclude that rescue of Nrf2 from proteasomal degradation by PS-341 or VCP inhibition induces a protective anti-oxidant response via Nrf2 (unpublished data). Similarly, the inability of corticosteroids to recruit histone deacetylase-2 (HDAC2), due to its proteasomal targeting may result in an abnormal inflammatory response and ineffectiveness of corticosteroid therapy in patients with COPD [38, 39] . We anticipate that higher VCP levels in COPD may lead to decreased Nrf2 and HDAC2 expression and activity based on the recent studies. We verified that VCP over-expression in HEK-293 cells downregulates the expression of Nrf2, p-Nrf2 (activated form), and HDAC2 (Fig. 6b (left and right panels); *p<0.05). Moreover, we also observed a signif- Fig. 5 Valosin-containing protein (VCP) interacts with gp78 and Rma1 on the ER membrane. The paraffin-embedded longitudinal human lung sections of control (GOLD 0) and COPD lung tissues at GOLD I-IV levels of emphysema (n=4-5, each group), were immunostained with primary mouse monoclonal antibodies for VCP (red, a) or Rma1 (red, b). These sections were co-immunostained with rabbit polyclonal KDEL (green, ER membrane marker). a The data show the colocalization of VCP and KDEL in severe (GOLD III/IV) emphysema lung tissues compared with the mild or moderate (GOLD I/II) emphysema and GOLD 0 lung tissues. b The co-localization of Rma1 and KDEL is seen in moderate and severe (GOLD II/III/IV) emphysema lung tissues compared with the mild (GOLD I) emphysema and control (GOLD 0) lung tissues. The data not only verify the increased VCPRma1 expression but also demonstrate its localization in or around ER membrane with increasing severity of emphysema in COPD. The nuclear (Hoechst) staining is shown in the bottom panels. Scale=50 μm icant decrease in nuclear localization of p-Nrf2 in the lung tissue sections of severe emphysema subjects ( Fig. 6c ; p< 0.001). Our data suggest the role of elevated VCP in mediating the diminished Nrf2 dependent anti-oxidant response in COPD. We also verified the significant reduction of HDAC2 expression in severe emphysema (Gold IV) subjects as compared with mild and moderate emphysema (Gold I and II) and control (GOLD 0) (Fig. 6d(left and right panels) ; ρ= 0.7645, p<0.001). Our data (Figs. 4a, d and 5b, d) suggest that increased VCP activity in COPD subjects may target HDAC2 for proteasomal degradation. We confirmed that VCP inhibition by shRNA increases HDAC2 levels (Fig. 6e(left and right panels) ). Our data verify the correlation of increased VCP expression to severe emphysema and HDAC2-mediated glucocorticoid resistance.
CS exposure induces VCP expression, ER stress, and apoptosis To identify the effects of CS on VCP expression and its correlation to other mediators of COPD and emphysema pathogenesis, we used an acute CS murine model. We also verified this observation in the sub-chronic CS murine model and found a significant increase in VCP and NFκB expression levels suggesting that CS exposure induces VCP activity in lungs (Fig. 7c) . We found that even acute CS exposure induces a significant increase in inflammation, VCP expression (ρ=−0.9429, p<0.001), along with an elevated NFκB and NOS2 expression in the CS-exposed murine lungs as compared with the air (Fig. 7a(panels 1-4) ), indicative of CS-induced inflammatory-oxidative stress response. Next, we quantified changes in ubiquitinated proteins, ER stress (p-eIF2α), and number of apoptotic cells (TUNEL). We observed that even acute CS exposure induces a significant increase in accumulation of ubiquitinated proteins (Fig. 7a(panel 5) ), ER stress (p-eIF2α; Fig. 7a(panel 6)) , and apoptosis (TUNEL staining, Fig. 7b ). The data propose the correlation of CS-induced VCP induction to inflammatory-oxidative stress, ubiquitin accumulation, and apoptosis. Similar correlation of VCP expression was seen in murine lungs of intratracheal Pa-LPS-induced acute lung injury model (Fig. 2 in the  electronic supplementary materials) .
Salubrinal modulates VCP protein levels and controls CSE-induced ER stress activity
We have recently shown the potential of salubrinal in controlling proteostasis-imbalance and inflammation in lung injury [14] . Based on these studies, we tested the efficacy of salubrinal to modulate VCP levels and thereby control the aberrant proteostasis in COPD and emphysema. We observed that salubrinal decreases VCP expression levels in HEK-293 cells (Fig. 8a(upper and lower panels) ). We also demonstrate that salubrinal has the potential to rescue the CSE-induced ER stress activity ( Fig. 8b ; *p< 0.05). We anticipate that salubrinal may be inhibiting VCP and ER stress activities (Fig. 9) by two independent mechanisms that need to be evaluated. Next, we tested if salubrinal can control the CS-induced VCP expression in vivo. We observed in our preliminary studies that salubrinal significantly inhibits the acute CS-induced VCP expression (immunoblotting, p=0.04) in the murine lungs that needs to be verified further in chronic CS-exposed mice. Our data suggest the therapeutic potential of salubrinal in correcting the proteostasis-imbalance and treating CS-induced lung injury and emphysema that warrants further evaluation. Hence, we are currently evaluating and standardizing the therapeutic efficacy of salubrinal in sub-chronic and chronic CS-induced murine models of emphysema.
Discussion
Recent studies suggest that increased inflammation, ER stress and unfolded protein response (UPR) activity contributes to the pathophysiology of COPD (chronic obstruc- for (a, b, *p<0.05) . c The paraffinembedded longitudinal human lung sections of control (GOLD 0) and COPD lung tissue at GOLD I-IV levels of emphysema (n=4-5, each group), were immunostained with primary rabbit monoclonal pNrf2 and secondary anti-rabbit TR. The data show a significant decrease in p-Nrf2 (red) nuclear localization (co-localization with nuclear Hoechst, blue staining) with increasing severity of COPD lung disease. Statistical analysis (right panel) confirms the significant decrease in p-Nrf2+ nuclei (p<0.001) with progressive lung inflammation and emphysema. d The control and COPD lung tissue sections (n=8-10) immunostained with polyclonal HDAC2 and secondary anti-rabbit-FITC conjugated antibody, present significant decrease in HDAC2 expression and nuclear localization in the lung tissues with moderate or severe emphysema. Hoechst staining of the same area is shown in the bottom panel. Densitometric analysis (right panel) confirms the significant decrease in HDAC2 expression (p<0.001) with progressive lung inflammation and emphysema. Scale=50 μm. e An increase in HDAC2 protein levels is observed in HBE cells upon shRNA-mediated VCP knockdown. The densitometric analysis (mean ±SD, p<0.05) of VCP and HDAC2 normalized to β-actin shows a significant increase in HDAC2 expression in VCP shRNA treated cells. The data verify the role of VCP-mediated proteasomal degradation in controlling activated form of Nrf2 (p-Nrf2) and HDAC2 protein levels tive pulmonary disease) [24, 40, 41] . Although an earlier study showed that lungs of COPD subjects do not have any ER stress compared with the donor (negative control) or IPF (idiopathic pulmonary fibrosis, positive control) lungs [42] . Since this study does not clarify if these subjects had emphysema, we verified the changes in ER stress with increasing severity of emphysema in COPD. We not only verify the increased ER stress (Fig. 1) but also provide here the corroborative evidence in support of our hypothesis that aberrant proteostasis (Fig. 2) contributes to severity of emphysema. We anticipate based on recent studies [24, 40, 41] and current data that ER stress in emphysema may be a result of smoking while aberrant proteostasis contributes to pathogenesis of severe emphysema. We first identified the critical role of VCP in proteostasis-imbalance and pathogenesis of COPD and severe emphysema. VCP is a major retrograde translocation factor that pulls out the proteins from ER membrane that are destined for proteasomal degradation [13] . Since VCP is upregulated while protein turnover is low in COPD, we anticipate this as a mechanism to induce protein aggregation (Fig. 2b) that triggers chronic oxidative stress, inflammation, and apoptosis (Fig. 1c) leading to the pathogenesis of severe emphysema (Fig. 9) . We postulate proteostasis-imbalance as a critical mechanism that mediates chronic oxidative stress and inflammation in COPD. The proteostasisimbalance can be induced by environmental pollutants, age or genetic factors, hence explaining why oxidative Fig. 7 Increased VCP expression in cigarette smoke (CS)-exposed murine lungs correlates with stress response and apoptosis. The age-and sexmatched WT mice (n=3, each group) were exposed to 3-(a) or 5-day CS (b). The immunostainings of longitudinal lung sections show a significant increase (p<0.001) in VCP, nuclear factor kappa-light-chainenhancer of activated B cells (NFκB), NOS2, and p-eIF2α expression levels and accumulation of poly-ubiquitinated (Ub) proteins in lungs of CS-induced mice (a). The extent of inflammation (a) and number of apoptotic cells (b TUNEL staining) were also elevated in the lungs of CS-exposed mice. Scale=50 μm. c The age-and sex-matched WT mice (n=3) were exposed to CS for 4 weeks (sub-chronic exposure). The immunoblotting of lung totalprotein lysates demonstrate a significant (p<0.05) increase in VCP and NFκB expression in the sub-chronic CS-exposed murine lungs as compared with air. β-Actin was used as a loading control. The data verify the correlation of VCP expression to ubiquitin accumulation, inflammatory-oxidative stress and apoptosis in response to acute or sub-chronic CS exposure in murine lungs stress remains high in COPD patients even after they quit smoking or why some non-smokers develop COPD. We confirmed the correlation of elevated VCP expression with the severity of emphysema in COPD using lung tissues from patients with FEV1-% predicted of >80 (mild, GOLD I), 50%-80% (moderate, GOLD II), and <50% (severe and very severe, GOLD III and IV) (Fig. 4a) . In addition, VCPassociated E3/E4 ligases, Rma1, and gp78 are expressed at higher levels in severe emphysema tissue sections (Fig. 4b , c) similar to VCP indicating the role of VCP-gp78-Rma1 retrograde translocation complex in COPD and emphysema pathogenesis. To verify the specificity of the VCPassociated E3-E4 ligases in this process, we evaluated another common E3 ligase, CHIP that is not the part of this complex. We found relatively insignificant change in the expression of this ligase (CHIP) as compared with gp78-Rma1 (Fig. 1a, b in the electronic upplementary materials) indicating the critical role of VCP-gp78-Rma1 retrograde translocation complex in COPD pathogenesis. We also confirmed changes in VCP expression in smokers as compared to control non-smokers (Fig. 4d) . We observed that VCP regulates Nrf2-(p) (NF-E2-related factor-2), NFκB (by regulating the degradation of its endogenous inhibitor, IκB) [13] , and HDAC2 protein levels indicating towards its critical role in pathogenesis of emphysema and COPD (Fig. 6) . The data presented here indicates the overall changes in lung protein expression and further studies are required for the assessment of the protein expression in the specific lung cells.
Our data indicate that proteostasis-imbalance contributes to the pathogenesis of COPD lung disease and severe emphysema by inducing chronic inflammatory response, oxidative stress and apoptosis. We demonstrate here the correlation of VCP-gp78-Rma1-mediated ubiquitination machinery and proteasomal activity [13, 43] with pathogenesis of severe emphysema. We also confirmed the accumulation of ubiquitinated protein by immunostaining and immunoblotting (insoluble protein fraction, pellet) for ubiquitin and aggregation marker, UCH-L1. Our data suggest lower proteasomal and elevated VCP-gp78-Rma1 activity as a potential mechanism that results in cytosolic accumulation of poly-ubiquitinated proteins to initiate chronic inflammatory and apoptotic responses leading to the pathogenesis of severe emphysema in COPD.
CS is the leading cause of emphysema that is known to induce chronic inflammation and oxidative stress as a mechanism to induce severe lung disease in COPD [44, 45] . CS contains approximately 10 15 free radicals and electrophiles per puff, and lung cells of smokers are prone to protein and oxidative damage [24] . The increased levels of reactive oxygen species (ROS) have been implicated in initiating the lung inflammatory responses through the activation of redox sensitive transcription factor NFκB [46] . We observed a correlation of VCP expression with NFκB in COPD (Fig. 1 ) that can be explained by proteasomal degradation of IκB due to elevated VCP levels or activity. We anticipate that VCP protein expression in COPD lungs with severe emphysema is initially triggered as a protective UPR. Our data also suggest that increased or chronic VCP activity not only contributes to NFκB-mediated chronic inflammation but also decreased Nrf2 dependent anti-oxidant response (Fig. 6a-c) due to its degradation via VCP-mediated proteasomal pathway. In addition, these results explain that some cigarette smokers develop less severe lung emphysema compared with other smokers due to optimal UPR. Despite the heightened inflammatory response induced by ROS in CS, this inflammation is subdued in patients with optimal proteasomal activity and VCP-mediated UPR leading to less severe emphysema. However, in patients with significantly higher It is apparent that proteostasis-imbalance is a common mechanism that initiates the onset of chronic inflammation and oxidative stress in COPD as it modulates multiple transcription factors and proteins including Nrf2 and NFκB that are known to be associated with pathogenesis of severe emphysema [47, 48] . Previous studies have shown that HDAC2 is negatively regulated by CS via UPS mediated mechanisms [25] . The inability of corticosteroids to recruit HDAC2 or the presence of post-translationally modified HDAC2 may explain the abnormal decrease in its expression levels with increasing COPD severity (Fig. 6d) . We suggest here the involvement of VCP in regulating HDAC2 protein levels by controlling its degradation (Fig. 6b, e) . The data not only verify the previously documented decrease in HDAC2 levels in COPD [3, 38, 39] but also provide the mechanism for lower HDAC2 activity.
We observed that proteostasis-imbalance can be directly linked to CS exposure, a primary risk factor in COPD pathogenesis [24] . We verified that both acute and subchronic CS exposure induces VCP protein levels in murine lungs as compared with the air exposed mice. Moreover, increase in VCP levels correlates with elevated NFκB and NOS2 expression, accumulation of ubiquitinated protein and apoptosis (TUNEL staining) in murine lung tissue sections exposed to acute CS (Fig. 7) . It may be possible that CS exposure causes severe damage to proteins in the lungs that triggers VCP activity to avoid CS-induced ER stress and accumulation of ubiquitinated proteins [5, 41] . But since these proteins (especially the high molecular weight proteins) are either misfolded or damaged due to CS exposure, they are poly-ubiquitinated and aggregated as cytosolic aggregates called aggresomes by VCP-dependent mechanisms as we recently discussed [13] . Moreover, we observed that CSE may affect protein synthesis hence protein turnover rates that warrants further verification. In addition, our data on acute CS exposure indicate toward early CS related proteostasis-imbalance that needs to be verified further in chronic CS-exposed murine model to validate the association of CS-mediated proteostasis- Fig. 9 Schematic demonstrating the critical role of proteostasisimbalance in COPD pathogenesis. Under normal conditions, optimal proteasomal activity balances inflammatory response and oxidative stress. In normal smokers, oxidative stress results in optimal activation of proteasomal pathway resulting in increased NFκB-mediated stress response that is balanced by induction of protective antioxidant response. On the other hand in COPD patients, inherent modification of VCP and proteasomal activity results in cytosolic ubiquitin accumulation, and elevated degradation of IκB, HDAC2, and Nrf2 leading to the pathogenesis of chronic lung inflammation, glucocorticoid resistance, and oxidative stress. Thus, proteostasis-imbalance is critical for pathogenesis of severe emphysema in COPD subjects. This proteostasisimbalance in COPD lungs may be targeted by a therapeutic compound, salubrinal that controls both VCP activity and ubiquitin accumulation imbalance with severe emphysema. Our preliminary data suggest that salubrinal has a potential to correct proteostasis-imbalance based on its ability to control VCP expression, NFκB activation, and ubiquitin accumulation (Fig. 8 ) [14] , in addition to controlling protein turnover [49] . We anticipate that salubrinal modulates p-eIF2α to limit protein synthesis while VCP to control cytosolic ubiquitin accumulation (Fig. 9) by two independent mechanisms that need to be evaluated. Further studies are underway to verify and standardize the therapeutic efficacy of salubrinal in chronic CS-induced murine emphysema model.
We also document a similar correlation of increased VCP expression with pathogenesis of inflammatory lung disease in murine lungs induced by P. aeruginosa-LPS. We found the significant increase in LPS-induced VCP expression, and its correlation to elevated NFκB, NOS2 expression and Nrf2 activity (Fig. 2 in the electronic supplementary materials). We confirmed that VCP induction correlates with accumulation of ubiquitinated proteins (Ub/UCH-L1 localization and expression) and apoptosis (TUNEL staining). The data verify the correlation of elevated VCP expression in response to Pa-LPS or CSinduced injury (discussed above) with inflammatoryoxidative stress and apoptosis. In this study, we focused on the critical component of proteasomal pathway (VCPgp78-Rma1) that is known to be involved in regulating inflammatory-oxidative stress response and proteasomal degradation of damaged proteins. Our data fill the gap in the knowledge of COPD and emphysema pathogenesis by determining that aberrant proteostasis is a critical step that leads oxidative stress and chronic inflammation in COPD. It also explains why oxidative stress remains high in COPD patients even after they quit smoking as proteostasisimbalance can be induced by not only CS but also other genetic, environmental or age-related changes. Validation of involvement of such factors that affect proteostasisimbalance requires further investigation with larger groups of COPD and control subjects.
In conclusion, we for the first time report a thorough analysis of how aberrant regulation of VCP-mediated proteostasis is associated with the severity of COPD lung disease (Fig. 9) . Under normal conditions, there is optimal UPS-regulated balance of Nrf2 and IκB (endogenous inhibitor of NFκB) levels, thereby preventing the deregulation of anti-oxidant and inflammatory pathways. In normal smokers, oxidative stress leads to optimal UPS activation resulting in increased NFκB-mediated stress response that is balanced by induction of protective Nrf2 or UPR responses. Whereas in COPD patients, the modification of UPS results in elevated degradation rates of COPD associated factors like IκB, HDAC2 and Nrf2. Moreover, our data suggest that increased levels of damaged proteins induce poly-ubiquitination and aggregation of these proteins by VCP-dependent mechanisms that trigger apoptosis and pathogenesis of COPD and severe emphysema. The data from this study suggest that selective modulation of proteostatic pathways can prevent or retard the progression of severe emphysema. In addition, we propose further evaluation of ubiquitin-proteasome activity as a novel biomarker for emphysema as well as a prognosticator of potential utility of the aforementioned therapeutic strategy. To summarize, the identification of molecular mechanism of proteasomal pathway in COPD lung disease not only contributes to our understanding of COPD pathogenesis but also demonstrates the therapeutic potential of VCP as a novel molecular target, or the use of proteostasis modulators like salubrinal, for further preclinical evaluation and translation.
